Introduction
Kamojang Geothermal Field in the Garut region of west Java, about 40 km from the city of Bandung, is a vapordominated system with a reservoir depth of about 600 to 2000 m. The KGF is located on the geographical coordinate of 07
• 11 02 -07
• 06 08 S and 107
• 44 36 -107
• 49 30 E. The Kamojang geothermal system resulted from the complex interaction between active volcanoes and tectonic processes and it is in uenced by two important faults named the Kendang fault and the Citepus fault (Sudarman et al., 1995; Kamah et al., 2005) . The area of the KGF is about 21 km 2 and it has altitude of about 1400-1800 m above sea level (Fig. 1) . The Kamojang geothermal reservoir is covered by the cap rock that consists of prophylitic altered volcanic rock of which thickness is about 500-600 m but seems to be only 200-300 m thick toward to the northern and eastern parts. The productive geothermal reservoir, which has high porosity, high permeability, high temperature, and lled with suf cient steam, is located between 600-2000 m in depth. Reservoir consists of the strongly altered andesitic rocks and some volcanic pyroclastics (Sumintadireja et al., 2000) .
Geothermal exploration in the KGF has begun in the early 20th century by The Dutch. In the 1920, the shallow test wells at Kamojang were drilled successfully. The rst electrical power at Kamojang was generated in 1978 when a small (mono block 250 kWe), free exhaust-type turbine was installed and then the design of the rst large-scale geothermal power plant was completed in 1979 (Hochstein and Sudarman, 2008) . In late 1982, production of 30 MWe (Unit I) was started in KGF. Development drilling continued and two 55 MWe units (Units II and III) were added in 1987. In the end of 2007, a 60 MWe (unit IV) was added to complete a 200 MWe installed capacity in KGF . Pertamina has drilled wells with bottom holes temperatures ranging from 115 to 245
• C (Moeljanto, 2004) . The three to ve deep unproductive wells, situated in the center of the eld, have been used as injection wells. Concerning to the evaluation of the steam production in the KGF, the decline of steam ow rate notably occurred at some production wells. Doddy et al. (2000) explained the decline rate of the production wells using the type curve matching in 1999 is about 7.43%/year. Repeat gravity measurements have been conducted to monitor the change in the geothermal reservoir throughout exploitation.
Repeat gravity measurement or microgravity techniques have been applied to the investigation of dynamic processes in various types of volcanoes and geothermal eld. Gravity changes enable the characterization of subsurface processes: i.e., the mass of the intrusion or hydrothermal ow (Rymer et al., 1998; Battaglia et al., 2003) . Variation in mass at geothermal elds also can be monitored using this method. Gravity changes for a period of time during exploitation of the geothermal reservoir may show places where gravity has increased or decreased. The temporal gravity changes can provide insight into mass variation and indicate the location of places where net mass loss or gain occurred. Measurements of repeat gravity are pertinent to the assessment of natural recharge into the reservoir and its increase in response to production-induced pressure decline (Hunt, 1970; Geri et al., 1985; Allis and Hunt, 1986; Nordquist et al., 2004) . Gravity data have been evaluated to provide the mass balance model of the Kamojang geother- mal system. Exploitation of the geothermal system often causes vertical ground movement. Therefore the correction of elevation changes to the observed gravity in each station has been conducted. In the KGF the elevation data were collected from leveling surveys.
Method and Data Acquisition

Repeat Gravity Measurement (RGM) setup
The RGM is also called as microgravity measurement, generally used to distinguish data in the range of 1-500 μGal from those in geophysical prospecting (Bouguer anomalies) which usually lie in the range 500-100,000 μGal (0.5-100 mGal, Hunt, 2000) . The differences in the earth gravity value of one benchmark at different times can be caused by variation of the topographic area, shallow groundwater level, atmospheric pressure variation and many other factors. We carried out this method with some corrections from the above factors such as elevation changes correction, free air correction and other correction factor (Table 1) . Pertamina conducted gravity measurements and leveling surveys over the Kamojang area since 1984.
The relative gravity measurements before 2005 were done with LaCoste and Romberg type G 655 and G 653 gravimeters. These gravimeters are also added by the basicmeter unit (galvanometer) which has high accuracy to read the relative gravity. The theodolite type water pass NAK2 universal automatic level was used to the leveling survey. This theodolite has small deviation of about 1 × 10 −5 mm/m (Kamah and team, 2000) . Checking of the gravimeter and theodolite performance was made prior to and during the gravity and leveling survey. The calibration range of gravimeter was calculated at the start of each survey to check the data validation. Gravimeters were calibrated to the 2 gravity absolute points that have calibration distance about 20 to 30 km. After 2005, relative gravity measurements have been performed using a Scintrex CG3 gravimeter. This gravimeter is automatic gravimeter with electronic advances. The basic of CG3 has a readout resolution of 5 μGal with a standard deviation of less than 10 μGal (Scintrex CG-3, 1995) . CG3 gravimeter demonstrates that standard deviation between individual reading and station means is less than 0.01 mGal. This relative gravimeter has high accuracy and low residual drift. Gravimeter also was calibrated to the gravity absolute point. Gravity measurements in 2009 and 2010 used A10 absolute gravimeter, which is a portable absolute gravimeter. This has good precision and accuracy factor of 10 μGal. The A10 uses laser, interferometer, long period inertial isolation device and an atomic clock to measure the position of the test mass very accurately (Micro-g LaCoste Inc., 2006) .
According to relative gravimeter measurement, the round measurement method of the earth gravity eld in the KGF was conducted with PG 55, the gravity benchmark outside of the Kamojang reservoir boundary, as a reference gravity point. It is assumed that gravity remained constant at the reference. Location of PG 55 can be seen in the Fig. 2 . The close looping technique of the gravity measurements was conducted to minimize the drift errors and to identify shock induced tares. A careful field technique and repeat readings was made to minimize these uncertainties. In one close looping we obtained minimum two gravity data in each benchmark. Gravity measurements were conducted on the flat benchmarks that were inserted 110 cm to subsurface (size 40 cm lengths × 40 cm wide × 150 cm height). Validation of the observed gravity data limited by the drift correction factor has less than 20 μGal. The RGM and the leveling surveys in first period (1999) (2000) (2001) (2002) (2003) (2004) (2005) consist of a network of more than 51 benchmarks and cover an area of about 35 km 2 . Measurement in 2008 is only 30 benchmarks due to some benchmarks were lost or broken.
There are 12 absolute gravity benchmarks in 2009 and 2010 measurement. These absolute gravity benchmarks were selected with available location. We need locations that have flat surface, enough area for absolute gravity equipment, small noise and good contact with the ground. Mostly located inside of the reservoir boundary and there is one absolute gravity benchmark located outside of reservoir area. It took about 50 minutes for one site measurement. Actually we did not need a gravity reference benchmark for gravity measurement with absolute gravimeter. We directly have absolute gravity value for each gravity benchmark. In a relative gravity measurement, we assumed that the gravity at the reference station does not change. But observed gravity changes include the uncertainty of the reference station, and we cannot separate this uncertainty using relative gravity measurement. Absolute gravimetry can measure the temporal gravity changes unequivocally . Absolute and relative gravity benchmarks in Kamojang Geothermal Field are also shown in Fig. 2. 
Correction factors
The observed gravity and elevation data were mostly centered in the Kamojang reservoir but some observed data are located outside of the reservoir area. Hunt (2000) explained the correction factors of the gravity measurement were classified into the correction of variations with position, variations with time and changes in position of mass in the earth. The correction and calculation were applied in the data processing of the observed gravity data in KGF are shown in Table 1 . Hunt (1970) explained that the elevation change correction is very important in order to interpret the gravity changes map. Drift, height and tide corrections are the standard correction factors that have to be calculated in the gravity measurement.
The observed gravity data were firstly corrected for tide, height and drift corrections. Some of these corrections were directly provided by gravimeters and the rest were estimated manually. All the gravity data at the benchmarks in 1999 and 2005 have elevation data. These elevation data were used to the vertical ground movement correction. The correction for the change in the ground movement was done with (dg/dz) h. Telford et al. (1976) , explained the gravity field changes by the ground movement changes (dg/dz) of about 0.3085 mGal/m. Our elevation data between 1999 and 2005 did not reveal any signi cant ground deformation. Vertical displacement maximum of benchmark were found about ±2 cm/year or corresponding to free air effect of ±5 μGal. The average negative vertical displacement from 16 gravity benchmarks is about −0.6 cm/year or corresponding to free air effect less than −2 μGal. According to this elevation data, we assumed the elevation data in 2008 similar to 2005 is caused by a short difference period of measurement.
The seasonal changes in the shallow groundwater level can have a signi cant effect to the microgravity data (e.g. Allis and Hunt, 1986) . Therefore the time of the gravity measurements in 1999, 2005, 2008, 2009 and 2010 were scheduled during the dry season around July to September. The same season of gravity measurement gave relatively similar data of saturation and groundwater level at that area. The maximum gravity change that associated with changes in soil moisture of sand and silt is about 12 μGal of amplitude (Hunt, 2000) . From 30 years measurement, Aldrian and Susanto (2003) explained the rainfall rate of the region A of Indonesia (including the Java Island) in July to October is in low part of the rainfalls rate in Indonesia. The dry season around July to September also can be seen in the local rainfall rate measurement at the Kamojang area in 1999 (Kamah and team, 2000) . Rainfall data in Indonesia and Kamojang area can be seen in Fig. 3 . The changes in the shallow ground water level were calculated in 16 shallow wells of the local people around Kamojang Geothermal Field to prove above assumption. These wells were located near gravity benchmarks and the depths of water table were measured in 1999 and 2005. The density of water and the rock porosity were assumed to be 1 gr/cc and 15%. Referring to the equation of the changes of shallow ground water level (see equation in the Table 1), the correction of this factor has been estimated for the observed gravity changes. The gravity correction that is caused by shallow groundwater level changes have average value of about 0.845 μGal. The groundwater level changes mostly occured in local wells that were located in the reservoir boundary (Fig. 4) . It was very small and this correction factor can be ignored. According to gravity data in 2009 and 2010 from absolute gravimeter, data acquisition of Micro-g LaCoste absolute gravimeter use software 'g' version 7. This software is designed to acquire and process the raw gravity data. This software needs input of some parameteres and geophysical corrections data. We can correct directly the effects of the earth tide, ocean load, barometric pressure and polar motion in acquiring the absolute gravity data .
Gravity Changes Results
Temporal residual gravity changes recorded over benchmarks were evaluated in terms of mass variation in subsurface. The contouring of gravity changes in Fig. 5 used long wavelength over 500 m. This method was carried out after smoothing the data to remove some variations (Sugihara and Ishido, 1998) . The comparison of gravity changes from three different times (1999-2005, 1999-2008 and 2009-2010) in this area was dominated by negative contour or associated with mass decrease. The smoothed contouring data of long wavelength have various gravity changes range that can be seen in Fig. 5 .
The consideration of observation in 1999-2005 and 1999-2008 periods (instead of 2005-2008) is to evaluate an average mass decrease since 1999 as a reference point of decline production in the KGF (Doddy et al., 2000) .
Another observed period (2009) (2010) evaluates the condition of gravity changes after increase production at late 2007. Repeated gravity measurements in 2009 and 2010 were conducted using A-10 absolute gravimeter.
1999-2005 gravity changes
The distribution of the gravity changes helps to give a picture of the mass movements that have occurred as a result of the production and injection activities between 1999 to 2005 and natural recharge from outside of the reservoir. The biggest negative gravity change occured on benchmark PPG-07 that is supported with the negative gravity changes on benchmarks PPG-11, PG-04 and PG-02 (see the location of gravity benchmarks in Fig. 2 ). This high negative value of the gravity change has correlation with the high production rate in this area, that are the KMJ-22, 37, 42, 65, 73 and KMJ-74 (see the location of production wells in Fig. 5 ). The large negative gravity changes were primarily caused by the net mass loss of geothermal uids from the geothermal reservoir due to exploitation. The small positive value of the gravity change occurred near the injection wells KMJ-55 and KMJ-21. The gravity changes are larger in the high permeability zone.
1999-2008 gravity changes
The gravity data in 2008 measurement have an uncertainty average about 12 μGal. The distribution of the gravity changes helps to give a picture of the mass movements that have occurred as a result of the production and injection activities between 1999 and 2008 and natural recharge from outside of the reservoir. The gravity changes in this period is larger than that is obtained in the previous period. This is caused by the longer period and increase production capacity at 2007. Some make up wells were added and some stand by wells were reactivated according to this inclined production. In this period, the biggest negative gravity change also occured on bechmark PPG-07 that correlated to high production zone. Some strike-slip faults from geology data in the north-east area at KGF are also correlated to the gravity changes distribution between 1999 and 2008. This area has a boundary between positive and negative gravity changes.
2009-2010 gravity changes
Gravity measurement using absolute gravimetry in 2009 and 2010 indicated small scattered data and uncertainty factor. Mostly uncertainties of the data are close to 10 μGal as accuracy of the A10 absolute gravimeter. There are two gravity data have uncertainty bigger than 12 μGal. According to this condition, we reduced gravity data of these two benchmarks in the interpretation and mass change calculation. The distribution of the gravity changes in this period is look similar trend with the previous period in 1999 to 2008 gravity change. The positive gravity changes located in the northern part of the reservoir area at Kamojang Geothermal Field. Reservoir area with many production wells have negative gravity changes. The gravity changes in this period is the largest compared to the gravity changes average rate of two previous periods. This is caused by the production capacity at this period is bigger than them. Some make up wells were continue added and some stand by wells were reactivated according to this high production demand. The distributions of these gravity changes in three periods (1999-2005, 1999-2008 and 2009-2010) are shown in Fig. 5. 
Mass Balance
A mass balance or material balance is an application of the mass conservation to the analysis of physical systems. The mass balance is used to analyze and to count the mass that enters or leaves the system. The mass balance in the geothermal reservoir is regulated by the amount of production, injection and natural recharge. Gauss's theory (Hammer, 1945; Hunt, 2000) explains the mass variations are obtained by gravity changes:
where m = the mass changes (kg), g = the gravity changes (mGal), A = Area concerned (km 2 ), G = the gravitational constant 6.672×10 −11 N m 2 kg −2 . The gravity change g for each grid as calculated below:
where i+1, j+1 ) are the gravity change at one grid square. This method has advantage in the way of averaging gravity changes in each grid area. It means that these results will also averaging and reducing some uncertainty factors of these gravity data. In the simple error propagation analysis, uncertainty in some observed variables can be combined become nal result. The nal result determines a smaller uncertainty than total error. Error propagation δ R in general functions R can be written as:
R is a function of variables X , Y and other variables (R (X, Y, . . .) ).
In this mass variation analyses at KGF by applying Gauss's potential theorem to gravity change data, we could not avoid "error in tailing off" and "error in gravity datum" (Hammer, 1945; Sugihara and Ishido, 1998) . Gravity measurement at KGF could not cover the whole area, particularly in NE and SW part. This is very hard areas to access for conducting gravity monitoring regarding to the mountainous and steep area. Previous gravity data covered small area only about 25 km 2 . According to this analysis, we make assumption to manage these problems. We expected that gravity changes data in larger area will make a close loop of Gaussian method.
Mass balance result 4.1.1 1999-2005
The corrected gravity changes map was divided into grids. From the above calculation, the mass changes of the 1999-2005 gravity changes show decrease about −20.07 Mt (Million ton) for 6 years period or equal to −3.34 Mt/year. Since 1983 to 2005, more than 160 × 10 6 tons of steam has been exploited from KGF and more than 30 × 10 6 tons of water has been injected to KGF. More than 30 production wells, including standby wells, supplied steam to the three units. The total production rate from the eld has remained relatively constant. History of the production and injection rate at KGF can be seen in Fig. 6 . The average of total production rate from the 1999-2005 is about 7.98 Mt/year. It is bigger than the average of the 1999-2005 total injection rates of 1.87 Mt/year (Pertamina, 2008) . The net mass produced (total mass produced-total mass injected) at the KGF during this period is about 6.11 Mt/year. Assuming all the injected water entered to the reservoir, the estimation of the total rate of the natural recharge to the Kamojang reservoir system is about 2.77 Mt/year. The recharge rate to KGF of about 45% of the net mass produced has occurred from the natural ow and lateral aquifers. Mass balance model between 1999 and 2005 in the Kamojang geothermal reservoir was shown in Fig. 7 .
1999-2008
Regarding same method to the previous mass changes calculation, during 1999 to 2008, the mass variation is equal to a −3.78 Mt/year. Mass change in this period is bigger than previous period throughout increase production. In 2007, the Kamojang production capacity was improved during the increased install capacity to 200 MWe. More than 40 production wells supplied steam constantly (Sanyal et al., 2000) . The average of the 1999-2008 total production rates per year increased to about 8.35 Mt/year. In this period, the injection rate decreased to 1.82 Mt/year (Pertamina, 2008) . The net mass produced Fig. 6 . The rate of the production and injection (ton/hour) at KGF (Suryadarma et al., 2010) .
(total mass produced-total mass injected) at KGF during this period is about 6.53 Mt/year. The natural recharge to the Kamojang reservoir system in this period is about 2.75 Mt/year if all injected water entered to the reservoir. This high gap of the total amount between exploited and injected uid to the reservoir lead to unbalanced mass problem. Mass balance model between 1999 and 2008 in the Kamojang geothermal reservoir was shown in Fig. 7 .
2009-2010
The mass change calculation of the 2009-2010 gravity changes shows a decreased mass about −8.24 Mt/year. This is very high decreased mass during very high production. We do not know the actual production in this period, but we estimated the average production will be about 13 Mt/year (Sofyan et al., 2009; Suryadarma et al., 2010) . If the production rate in this period is guessed about 13 Mt/year and injection rate is stable at 2 Mt/year, then the natural recharge is about 2.76 Mt/year. This natural recharge result is similar with previous period result (2.77 Mt/year for 1999-2005 and 2.75 Mt/year for [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . This is raw estimation of production and injection rate in this period 2009-2010 to make a mass balance model (see Fig. 7 ).
Discussion
Mass variation data throughout production activity in geothermal eld can be referred to monitor geothermal reservoir. Reservoir monitoring in Kamojang Geothermal Field needs many historical data. There are some historical facts correlated to this mass variation data. The history of previous research at Kamojang Geothermal Field explained a declined production trend since last decade (Doddy et al., 2000; Moeljanto, 2004) . The decline of steam ow rate notably occurred at some production wells. Concerning to the evaluation of steam production, it explained the decline rate of the production wells using type curve matching in 1999 is about 7.43% per year (Doddy et al., 2000) . Production and injection history in this geothermal eld also show total production rate is much bigger than injection rate. There is high gap between production and injection amount in Kamojang Geothermal Field.
History of microgravity data at this eld was rst interpreted in 2000 (Pertamina, 2008) . The calculation results of natural recharge rate per year from this microgravity interpretation between 1984 and 1999 of gravity changes data is 2.71 Mt/year (Kamah and team, 2000) . This result is al- 
Conclusions
The gravity changes from the repeat gravity measurement (RGM) directly illustrate the mass variation in the subsurface. The distribution of the corrected gravity changes at the Kamojang Geothermal Field helps to give an image of the mass movements that occurred as a result of exploitation. The long wavelength above about 500 m of corrected gravity changes contour data in these three periods has a various range with similar trends. The negative value is inter- preted in terms of net mass loss of production and the positive value is interpreted in terms of net mass gain of water injection and natural recharge. Large negative anomaly typically occured at the gravity benchmarks that located near to medium or high production wells. This large negative gravity changes were primarily caused by the net mass loss of steam from the geothermal reservoir due to exploitation. The small positive value of the gravity change occurred near the injection wells KMJ-55 and KMJ-21. The gravity changes is larger in the high permeability zone.
In the six years production period (1999) (2000) (2001) (2002) (2003) (2004) (2005) , the Kamojang Geothermal Field has mass decrease of about −3.34 Mt/year. The 1999-2005 net mass produced (total mass produced-total mass injected) from this period is about 6.11 Mt/year. Assuming all the injected water enters to the reservoir, the total rate of the natural recharge to the Kamojang reservoir system is about 2.77 Mt/year. After the produced capacity increased to 200 MWe at 2007 at KGF, repeat gravity measurement was conducted in the end of 2008 that was compared to 1999. The estimated mass changes rate from the 1999-2008 gravity changes data is decreased mass of about −3.78 Mt/year. The net mass produced at KGF during this period is about 6.53 Mt/year. The natural recharge to the Kamojang reservoir system in this period is about 2.75 Mt/year if all injected water entered to the reservoir. 1999-2005, 1999-2008 and 2009-2010 have different situation of the production capacity. Gravity changes rate during 2009-2010 period is the biggest one. This is caused by the largest production capacity if it is compared to previous periods. During the increase production, the net mass loss will continue increase and affect an unsustainable production.
